ABSTRACT Fresh turkey meat color is determined by many factors that include muscle fiber type composition and heme protein concentrations. These factors either are affected by or influence biochemical events occurring postmortem. Deviations in the processing environment also can result in aberrant fresh meat quality and may ultimately change the quality characteristics of further processed products. Our objective was to describe the underlying cause and significance of the two-toning color defect in fresh turkey breast. In the first experiment, pectoralis major muscles were collected, classified as single-or two-toned, and analyzed using image processing to characterize fresh turkey color. Samples from the large and small lobes of the pectoralis major muscle were collected for pH, glycolytic intermediates, protein abundance, mRNA expression, and quality characteristics. In the second experiment, time from stun to exsanguination was tested as a promoter of fresh turkey color. Results from the first experiment showed that the turkey breast possesses two distinct lobes. The large lobe had greater (P < 0.05) glycolytic potential, lactate content, lactate dehydrogenase (LDH) abundance, and centrifugal drip loss, while pH, myoglobin mRNA expression, and soluble protein levels were lower (P < 0.05) compared to the small lobe. Results from the second experiment showed that reducing time from stun to exsanguination enhanced (P < 0.05) fresh turkey color by mitigating the differences between the two lobes. Our results also showed that birds exsanguinated first had greater (P < 0.05) muscle pH values and body temperatures. These results show inherent differences in breast muscle and processing conditions interact to establish variations in fresh turkey color.
INTRODUCTION
In recent decades, the poultry industry has witnessed an increase in product sales due to a consumer desire for convenience. In 2015, turkey sales alone contributed $5.71 billion to the United States meat industry from over 7 billion pounds of meat products (USDA-NASS, 2016) . With the popularity of value-added products, numerous meat quality problems have surfaced (Rathgeber et al., 1999; Qiao et al., 2001; Karunanayaka et al., 2016) . The problems have been attributed to undesirable color and poor water-holding capacity (Sosnicki and Wilson, 1991) . Two-toning is a meat quality de-fect often characterized by an inconsistent or dramatic color change visualized within or between muscles. Recently, industry partners observed an inconsistent color pattern or two-toning in the surface of fresh turkey breasts that translated into inconsistencies in further processed products like turkey deli rolls. Because color is the primary determinant of meat purchasing decisions (Mancini and Hunt, 2005; Mitsumoto et al., 2005; Ramirez and Cava, 2007) , inconsistencies in the color of deli rolls make them less desirable to consumers.
Underlying differences in muscle physiology and changes in postmortem metabolism can contribute to meat color development. Inherent muscle color differences commonly result from variation in heme pigment content and muscle fiber type composition (Kranen et al., 1999) . Myoglobin is the primary meat pigment that accounts for ∼90% of fresh meat color, while hemoglobin and cytochrome c contribution is minimal (Mancini and Hunt, 2005) . Muscle myoglobin abundance is dictated by the fiber type profile found in the muscle (Hunt and Hedrick, 1977; Seideman and Cross, 1984; Dransfield and Sosnicki, 1999; Choe et al., 2008) . Muscle fiber types are most often classified based on contractile speed and primary metabolism (Peter et al., 1972; Ozawa et al., 2000; Ryu and Kim, 2005) . While these underlying muscle properties can differ, events of postmortem metabolism also impact color development as well.
Gas stunning, also referred to as controlled atmosphere stunning, is the utilization of anoxic gas mixtures that renders birds unconscious prior to harvest. Carbon dioxide and argon are the gases most commonly utilized for stunning. The anesthetic effect of carbon dioxide is induced by lowering the pH of the cerebrospinal fluid while argon displaces air and causes unconsciousness through anoxia (Berg and Raj, 2015; Alvarado, 2007) . When compared to electrical stunning systems, gas stunning can reduce carcass and meat quality defects in addition to improving bird welfare (Berg and Raj, 2015) . A unique advantage of the gas stunning system is the possibility to stun birds in their transport crates, thereby eliminating defects associated with live birds shackling, such as broken bones and bruises (Gerritzen et al., 2013) . However, due to the long interval between stunning and bleeding, exsanguination efficiency is a concern (Raj and Johnson, 1997) . Therefore, the current experiment was designed to characterize the two-toning of the pectoralis major muscle and determine how inherent muscle differences or postmortem metabolic events impact development of the two-toning phenomenon visualized by consumers. The second goal was to determine if the stun to exsanguination time altered two-toning.
MATERIALS AND METHODS

Characterizing the Two-toning Defect in Pectoralis Major Muscle
Muscle Sampling The pectoralis major muscle of 48 20-week-old tom turkeys were obtained from a government-inspected commercial processing facility. Breast muscles were randomly chosen immediately after de-boning (∼4 h postmortem). Muscle samples (∼5 g) were collected 8 h postmortem from the large and small lobes of the pectoralis major (Figure 1 ). Samples were frozen in liquid nitrogen and stored at -80
• C. Color Measurement and Image Analysis Within 6 h postmortem, the epimysial connective tissue on the ventral side of the pectoralis major muscle was removed using a knife. Three color measurements were collected using Konica-Minolta Chroma Meter CR-200 (Ramsey, NJ) in the approximate geometric center of each lobe following a 10 min blooming period at 4
• C. Images of the pectoralis major also were collected using a light stand (Bencher, Antioch, IL) equipped with Sylvania DVY 650 W 120 V halogen/tungsten bulbs (Interlight, Hammond, IN) and a Powershot SX170 IS camera (Canon, Melville, NY). The camera was equipped with a 16 megapixel sensor with a 28 mm wide-angle lens. All lighting selections were in accordance with guidelines established by the American Meat Science Association Guidelines for meat color evaluation (AMSA, 2012) . Resulting images were cropped using Paint.NET software (dotPDN, Kirkland, WA) and analyzed using image processing software (MATLAB 2014a, MathWorks, Natick, MA). Images of the pectoralis major were quantified in a red, green, and blue matrices (RGB), or an M × N × 3 image color space. A software script was then written to convert RGB to the CIELAB color space. A second software script calculated the statistical parameters for the resulting color distribution: mean, standard deviation, minimum, maximum, first quartile, third quartile, and skew. To minimize outliers, thresholding was used to eliminate values representative of fat, light scattering, and background. The script removed these values from the raw data file and then re-calculated the initial statistical parameters. Approximately 4 percent of the total pixels was removed using this function.
To normalize data to a known color value range, images of the Japanese Pork Color Standards were captured under the same lighting conditions. Color standards also were measured in triplicate with a colorimeter to obtain color measurements in the CIELAB color space. Color standard images were converted from RGB to the CIELAB color space. The delta change between the colorimeter and imaging color values was calculated and averaged for each standard. The delta value was subtracted from all image values in order to normalize the MATLAB data output from the pectoralis images to the colorimeter data.
Muscle Classification To evaluate the two-toning, pectoralis major muscles images were visually categorized by an untrained academic panel of 5 individuals as single-toned or two-toned (Figure 1 ). Images consistently classified (at least 5 of 5) as single-toned (n = 20) or two-toned (n = 27) were assigned to that category. Muscle images were analyzed for L * and a * color value differences. Panel classifications were confirmed quantitatively by a delta change between the large and small lobe.
pH Analysis Muscle pH was determined from the adapted method of Bendall (1973) . Frozen muscle tissue was homogenized in a solution containing 5 mM sodium iodoacetate and 150 mM KCl (pH 7.0) at a 1:8 ratio (wt/vol) using a Tissue Lyser II (Qiagen, Valencia, CA). Tissue homogenates were heated at 25
• C, centrifuged, and measured using an Orion Ross Ultra pH electrode (Fisher Scientific, Pittsburgh, PA).
Centrifugal Drip Collection Exudates were collected from muscle samples with a modified procedure of Bouton et al. (1971) . Cubed muscle samples (∼16 g) were collected in triplicate, each weighed and placed in a 50 mL conical tube and centrifuged at 1,500 × g for 60 min. Following centrifugation, samples were removed, lightly blotted, and re-weighed. Centrifugal drip loss was calculated as a percentage of the original weight of the sample 24 h postmortem.
Protein Content Frozen muscle samples (n = 48) were powdered in liquid nitrogen for both soluble and total protein content. Soluble proteins were extracted by homogenization from a muscle sample using 0.025 M potassium phosphate buffer (pH 7.2) according to Joo et al. (1999) and measured in triplicate using the Pierce BCA Assay Kit (Thermo Scientific, Rockford, IL). Total muscle proteins were solubilized using a buffer containing 8 M urea, 2 M thiourea, 3% SDS (wt/vol), 75 mM dithiothreitol, and 0.05 M Tris-HCl (pH 6.8) and heated at 95
• C for 5 min (Warren et al., 2003) . Total protein concentration was determined in triplicate using the Bio-Rad RC DC protein assay (Bio-Rad, Hercules, CA).
Muscle Metabolite Analysis Metabolites were measured from frozen and powdered muscle. For glycogen analysis, muscle samples were subjected to 1.25 M HCl acid hydrolysis at 95
• C for 2 hours. Following hydrolysis, samples were centrifuged and the resulting supernatant neutralized with 1.25 M KOH. For glucose, glucose-6-phosphate, and lactate analysis, metabolites were extracted from frozen and powdered muscle with ice-cold 0.5 M perchloric acid. Acidified samples were centrifuged and resulting supernatants were neutralized with 2 M KOH. Muscle glucose, glucose-6-phosphate, glycogen, and lactate concentrations were determined using enzymatic methods (Bergmeyer, 1984) modified for a 96-well microplate assay (Hammelman et al., 2003) . Glycolytic potential was calculated according to Monin and Sellier (1985) : glycolytic potential [μmol/g] = 2(glucose + glucose 6-phosphate + glycogen) + lactate.
Gel Electrophoresis and Protein Blotting Total muscle proteins were solubilized in a buffer containing 8 M urea, 2 M thiourea, 3% SDS (wt/vol), 75 mM dithiothreitol, and 0.05 M Tris-HCl (pH 6.8) and heated at 95
• C for 5 min (Warren et al., 2003) . Total protein concentration was determined using the Bio-Rad RC DC protein assay (Bio-Rad, Hercules, CA). Solubilized proteins were separated using SDS-PAGE (15% acrylamide) and transferred to nitrocellulose membranes. To prevent non-specific antibody binding, membranes were blocked in PBS with 3% casein for one hour. Primary antibody incubations were performed in blocking buffer in a cold room overnight and were washed with TBS-T containing 0.05% Tween 3 times after incubation. Membranes were incubated overnight with the primary antibody as follows: anti-hemoglobin beta (LS-C294450; Lifespan Biosciences, Seattle, WA), anti-lactate dehydrogenase A (NBP-1-48336; Novus Biologicals, Littleton, CO), or anti-beta actin (NB600-501; Novus Biologicals, Littleton, CO). Secondary antibody donkey anti-rabbit IgG (926-32213; Li-cor Biosciences, Lincoln, NE) or goat anti-mouse (926-6818; Li-cor Biosciences, Lincoln, NE) was applied, incubated for 1 h at room temperature, and washed 3 times. Protein abundance was determined by fluorescence detection using a Li-Cor Odyssey scanner (Li-Cor Biotechnology, Lincoln, NE) and quantified using the included software. Lactate dehydrogenase membranes were stained with Ponceau-S to confirm equal loading.
RNA Extraction, Reverse Transcription, and PCR Amplification Total RNA was extracted using the Direct-zol RNA Mini Prep Kit (Zymo Research, Irvine, CA). cDNA was generated using the High Capacity cDNA Reverse Transcriptase Kit (Applied Biosystems, Waltham, MA) and a DNA Engine PTC-200 Peltier Thermal Cycler (Biorad, Hercules, CA). For determination of myoglobin mRNA expression, a 7500 Fast Real-Time PCR System (Applied Biosystems, Waltham, MA) was used with SYBR green detection. Myoglobin and 18S rRNA primers were designed using the sequences provided by NCBI accession code XM 003202347.2 and AJ419877, respectively. The myoglobin primer was (5 →3 ) AGTGGAGGC-CGATATTGCTG (Forward) and TCACCTCCG-GCTATAACGAC (Reverse) and was synthesized by Eurofins MWG Operon (Huntsville, AL). The measured housekeeping gene 18S rRNA was detected using primers (5 →3 ) CCGTCGTAGTTCCGACCATAA (Forward) and GAGGGTCATGGGAATAACG (Reverse). All primers were diluted to a 10 μM concentration prior to use. For PCR quantification, the C t endpoint was used. Relative gene expression was determined by the 2 −ΔΔCt method.
Tom Selection in Time-course Study
A truck containing approximately 1,000 birds was randomly identified and subjected to industry accepted stunning protocols using carbon dioxide. Following stunning, 20 tom turkeys were randomly tagged from the first 300 birds unloaded from the truck. A second set of 20 toms was randomly identified from the last 300 birds shackled off the truck. The time difference between the first and last groups of birds was 25 ± 5 min. Surface body temperature was measured just before bleeding using an infrared thermometer (Raytek, Wilmington, NC). Approximately 1.5 h post-chill, first and last bird carcasses were removed from the processing line and the pectoralis major muscle was excised, tagged, and identified. This procedure was replicated a second time for a total of 2 replicates (trucks).
Statistical Analysis
All muscle property parameters were subjected to an ANOVA test using JMP Pro 11 (SAS Institute, Cary, NC) statistical software as a completely randomized designed. Bird was considered a random effect while lobe served as a fixed effect. Color measurements were analyzed as a 2 × 2 factorial arrangement. Lobe and color condition served as main effects for characterization color measurements. Time and lobe served as main effects for the study component evaluating time effect on color. Truck/day was imputed in the model as a block. Significant differences of LS means were determined at the P ≤ 0.05 level.
RESULTS AND DISCUSSION
Characterizing the Two-toning Defect of the Pectoralis Major Muscle
Initial attempts to determine color using a "spot" colorimeter were unsuccessful. This was in large part due to the muscle's non-homogenous distribution of color and the colorimeter's inability to assess the color of the whole muscle (Antonelli et al., 2004; Kang et al., 2008) . To that end, we elected to use image processing to assess two-toning effects of the pectoralis major muscle. Using this approach, we were able to overcome limitations associated with the colorimeter method.
The color of the small and large lobes and across the whole pectoralis major muscle was compared using the mean L * and a * values and their standard deviations. Standard deviation values were used to assess the degree of variability in color (two-toning). Basically, twotoned muscles should have a greater standard deviation than those single-toned due to the greater variation in color. Our results showed that the small lobe had lower (Figure 2A ; P = 0.0007) L * values when compared to those of the large lobe. However, no difference in standard deviations between the two lobes was detected (P = 0.08; Figure 2B ). Analysis of the single-and twotoned classifications in the whole pectoralis major suggested that the single-toned group displays a higher degree of lightness ( Figure 2C ; P = 0.0122) but a similar color variation to the two-toned group ( Figure 2D) , as evidenced by the lack of difference in the standard deviations between the 2 categories.
Assessment of a * values showed that the small lobe appeared redder ( Figure 3A ; P = 0.0005) with greater variability ( Figure 3B ; P = 0.0019) than the large lobe. Consistent with the aforementioned L * values, a * values differed between single-and two-toned muscles ( Figure 3C) . Redness values for two-toned pectoralis major muscles were greater (P = 0.0002) than those designated single-toned. Further, the standard deviation of the two-toned breasts was greater ( Figure 3D ; P < 0.0001) than single-toned breasts. These data show that an untrained panel can detect differences in fresh turkey meat color and suggest the severity of two-toning in turkey breast muscle is more a function of the smaller lobe being darker than the large lobe being lighter. For a better understanding of the color variation in two-toning turkey breast, characterization of the large and small lobe muscle properties was performed. Heme proteins such as myoglobin, hemoglobin, and cytochrome c give meat its color. Postmortem, myoglobin is the major pigment responsible for meat color. However, hemoglobin becomes more important for meat color when processing abnormalities such as inefficient bleed-out occur (Alvarado, 2007; Mohamed and Mohamed, 2012) . With the darker (Figure 2A ) and redder ( Figure 3A ) appearance of the small lobe, both myoglobin and residual hemoglobin content were measured. Cytochrome c was not investigated due to its low concentration in glycolytic muscles and its minor role in fresh poultry meat color development (Pikul et al., 1986) .
Initial attempts to quantify myoglobin in the large and small lobes of the pectoralis major muscle using western blot techniques were unsuccessful. This result is not surprising given Kranen et al. (1999) was unsuccess- ful in detecting myoglobin in the pectoralis major muscle due to the muscle's predominating glycolytic nature. To address this issue, myoglobin mRNA expression was evaluated in both lobes using real-time quantitative PCR. Results indicated that myoglobin mRNA expression was greater (P = 0.0121) in the small lobe than the large lobe ( Figure 4A ). These data suggest muscle fiber characteristics in the small lobe differ from the large lobe. To eliminate the possibility of hemoglobin causing the differences in color between the lobes, hemoglobin abundance was determined. Hemoglobin did not differ (P = 0.99) between the large and small lobes (Figure 4B ). These data suggest differences between lobes are not due to incomplete exsanguination of lobes but rather differences in muscle fiber composition, or functional characteristics.
During postmortem metabolism, anaerobic degradation of glycogen leads to lactate and hydrogen ions accumulation, thereby causing the pH to fall. The extent of postmortem pH decline can significantly influence the development of fresh meat color. In general, the meat becomes darker and redder as the ultimate pH increases. Because myoglobin content is highly correlated with differences in muscle fiber type composition and, thus, postmortem metabolism (Kranen et al., 1999) , we determined the differences in the ultimate pH and glycolytic metabolites between the large and small lobes. The small lobes had a higher (P < 0.0001) ultimate pH (5.98 ± 0.02) compared to the large lobe (5.82 ± 0.03; Table 1 ). Moreover, the small lobe contained lower lactate (P < 0.0001) and residual glycogen (P = 0.0078) content and as such, a lower glycolytic potential (P < 0.0001; Table 1 ). Indeed, glycolytic potential would be greater in glycolytic, faster-contracting muscle fibers like the pectoralis major. While the small lobe remains predominantly glycolytic, small shifts in oxidative capacity are evident in the small lobe. On the other hand, the resulting increased lactate accumulation and low ultimate pH of the large lobe suggests a prolonged or extended postmortem glycolysis. Greater flux of substrate through the phosphofructokinase (PFK) before its inactivation allows for pyruvate to be converted to lactate more rapidly (England et al., 2014) .
To further evaluate the metabolic differences between the lobes, lactate dehydrogenase (LDH) abundance was evaluated. LDH is an enzyme commonly associated with glycolytic muscle fibers and is responsible for converting pyruvate to lactate. As expected, LDH abundance of both lobes was quite high because the pectoralis major is a glycolytic muscle known to be primarily comprised of Type IIB muscle fibers (Wiskus et al., 1976) . However, the large lobe contained greater (P = 0.012) LDH abundance than the small lobe (Figure 5) .
Poultry meat is known to experience rapid postmortem glycolysis (Rathgeber et al., 1999) . This is largely attributed to the glycolytic nature of its muscle fibers. Indeed, a sustained or elevated temperature dur- ing the postmortem period can result in a loss of protein functionality (El Rammouz et al., 2004) . To evaluate protein denaturation in the small and large lobes, percent centrifugal drip loss, and soluble and total protein content were measured.
Centrifugal drip loss of the large and small lobes ( Figure 6 ) indicated that the small lobe released 2.3% ± 0.13 of its total mass as purge, while the large lobe purged 4.9% ± 0.28 (P < 0.0001). This difference was confirmed by the soluble protein concentration of the 2 groups ( Figure 7A) . A higher soluble protein content was detected in the small lobe group as compared to the large lobe (P = 0.0027). Sarcoplasmic proteins are readily soluble in low salt buffers. If the concentration of proteins is lower than normal, then some of these proteins are likely lost in the form of purge (Swatland, 2008) . No differences (P = 0.89) were detected in total protein content ( Figure 7B ) between the large and small lobe groups. This was expected as total protein content of muscle remains relatively constant across muscles within an age classification (Pearson and Young, 1989) . Combined, the higher percent centrifugal drip loss and lower soluble protein concentration of the large lobe suggest that a greater number of proteins are becoming denatured postmortem. As a result, the large lobe is potentially experiencing a greater loss of waterholding capacity. This protein denaturation may partially explain two-toning phenomenon as well. Swatland (2008) reported that L * values are significantly affected by denaturation of sarcoplasmic proteins, resulting in an increased amount of extracellular water. Thus, light scattering is greater due to an alteration in protein structure (Swatland, 2008) . The increase in light scatter causes the meat to appear paler. Consequently, the lower soluble protein content and higher percent centrifugal drip loss associated with the large lobe indicate that it may have experienced more protein denaturation due to a lower ultimate pH.
Characterization of the two-toning defect indicated significant differences in the inherent muscle metabolic properties of the large and small lobes of the pectoralis major muscle. The large lobe had higher metabolite concentrations, indicating a higher glycolytic potential and possible shuttling of more substrate through glycolysis. This is correlated with the lower ultimate pH of the large lobe. A greater flux of substrate through PFK to synthesize pyruvate downstream before its inactivation would promote the accumulation of lactate and hydrogen ions postmortem. Hydrogen ion accumulation in the muscle would result in a lower ultimate pH and ultimately meat quality. On the contrary, lower metabolite concentrations and glycolytic potential in the small lobe suggests a shift toward oxidative metabolism. These results combined with distinct differences in LDH abundance and protein content suggest divergent function of the pectoralis major muscle, resulting in the two-toning phenomenon.
Stun to Exsanguination Study
Our industry partners use whole truck CO 2 stunning. Due to lack of automation and the number of birds on the truck, some birds are not exsanguinated for up to 30 min post-stunning. Therefore, we determined the effect that the time to exsanguination played in the severity and incidence of two-toning between the large and small lobes.
Toms were randomly selected from the first birds removed from the transport truck and served as the first shackled treatment group (First). A second set was selected from the last birds shackled (Last). After chilling, pectoralis major muscles were removed and subjected to color determination via image processing. There was no interaction between lobe and bleeding time. Consequently, the main effects are represented in Figure 8 . L * color values indicated that the small lobe was darker ( Figure 8A ) and more variable in color than the large lobe ( Figure 8B ). Additionally, turkey breast appeared to darken with time between stunning and bleeding ( Figure 8C ), while also displaying more variation ( Figure 8D ). Assessment of degree of redness showed the small lobe being more red ( Figure 9A ) and variable ( Figure 9B ) in color than the large lobe. The a * values of the turkey breast became redder ( Figure 9C ) and more varied with time ( Figure 9D ). These data suggest the increased variation, as well as the darkening and reddening of the turkey breast with time was a result of the inherently redder small lobe and its variation. One possible explanation for the inherently darker and redder small lobe was hemoglobin content due to concerns of inefficient bleed out as a result of 30 min between stunning and exsanguination. However, hemoglobin content did not differ in the small lobe as evaluated by time (Figure 10) . Therefore, the source of the reddening effect was not due to incomplete bleeding caused by time.
Because stun to stick time was the primary interest of this study, breast muscle two-toning was ignored. However, we chose to classify images of the pectoralis major muscles on the basis of two-toning using the cut-off established from our initial studies. For example, those samples lying within 2 standard deviations of the mean delta change for L * (L * > 47) of the single-toned group were classified as such. Once grouped, the incidence of two-toning was calculated based on the frequency per treatment group (n = 20). Table 2 shows the frequency of single-toned and two-toned pectoralis major muscles. Curiously, the incidence of two-toned samples increases by nearly 50% in both replications of turkeys sampled last. These data show a greater frequency of two-toning in CO 2 stunned turkey breasts suggesting that the incidence of two-toning may be partially responsible for the darker and redder small lobe. Our initial studies characterizing the two-toning effect suggested the underlying cause of two-toning was the result of differences in inherent muscle properties, which would not change with time postmortem. To explore the cause of this increased incidence of twotoning further, color, pH, and metabolites were assessed. Since there was no interaction between lobe and time, the main effects of lobe and time were evaluated independently ( Figure 11 ). The mean ultimate pH values of the small lobes were higher than the large lobe ( Figure 11A ). However, the ultimate pH was higher in those turkeys last shackled than first shackled (Figure 11B) . This difference in pH with time could be related to the inherent differences in glycolytic flux between the large and small lobe. Indeed, the smaller lobe is more oxidative than the large lobe. Consequently, less substrate was likely shuttled through PFK before shutdown postmortem. As a result, lower glycolytic flux would occur before PFK inactivation (England et al., 2014) . This would translate into a high ultimate pH in the small lobe. The lower ( Figure 12A ) lactate concentrations in the small lobe irrespective of time ( Figure 12B ), indicates that less pyruvate was converted to lactate by LDH postmortem. If a lower flux of substrate through PFK occurred before its inactivation, the glycolytic cascade would result in less production of pyruvate. Consequently, less lactate would accumulate in the muscle postmortem, resulting in a higher ultimate pH.
Analysis of the residual glycogen content and glycolytic potential indicated no interaction between time and lobe, while there was also no statistical significance to the main effect of time ( Figure 12D and 12F) . All effects were a result of inherent lobe differences. More residual glycogen was detected in the large lobe than the small lobe ( Figure 12C ). Glycolytic potential was also higher in the large lobe than the small ( Figure 12E ). These data are in agreement with earlier characterizations.
Characterization suggested that the small lobe displayed a shift toward a slightly more oxidative metabolism, while the large lobe remained more glycolytic. Recall that it takes approximately 30 min for a single truck of turkeys to be shackled. The higher ultimate pH of the turkey breast with time (Figure 11B) could be due to a higher ultimate pH (Figure 11A ) of the small lobe and its lower lactate content ( Figure 12A ). If so, the higher ultimate pH of the small lobe ( Figure 11 ) and lower lactate content ( Figure 12A ) could be explained by a change in body temperature of the bird within the shackling time period. If the small lobe functions under a more oxidative metabolism than the large lobe, then perhaps the lowering of the external body temperature of turkeys by approximately 6
• C (Figure 13 ) slows metabolism. This would result in a higher ultimate pH and less lactate accumulation.
Taken together, data suggest that the time from stun to exsanguination enhances the two-toning color defect Figure 13 . Effect of stun to stick time on body temperature of adult tom turkeys. Data are LS Means ± SE. Different letters (a,b) indicate significant differences (P < 0.05) between treatments and that differences in muscle metabolism between the large and small lobes may explain the color development postmortem.
